
Kil]ctics  of llydro~crt  l)iffasion in l,a Ni5.kSt~x Alloys

A1]S’1’RAC’J’

ScJ1id-statc  cliffllsio~l  ofhydmgcm in metal hydricic(MII)  alioys is rccogaiz.c~i  as the rate
(ictcrmining  step in the (iiscilary,c of MI] alloys in aikaiinc  Ni-Mfl rcchargcablc  cells. II)
our pursuit of IICW ternary solutes in i ,aNi5 fm cxtcmic.d  c.yc.iic ii fctimc.s,  wc have
C>lJSCI  vcd noliccablc  ilnprovctncnt  in the cycle Iifc with smail substitutions of SII an[i (ic
for Ni. IJurthcrmorc, these subslitucnts  also facititatc cahanccci charge transfer kinetics
fbr IIyciriciillg-(ictly  (l[i(iillg,  process. la this ]Jaj)cr, wc report our stu(iics on the kinetics of
hydmgca (iiffusion  in i  ,aNi5.,SIl, aiioys b y  clcctrocllcmica] p u l s e  tcchniqucs,
cl]loIlcJa]lli~crc)I]lctry  and cllro]]oco~llo]]lc[ry.” ‘1’hc mcasure(i  (iiffl]sion coefficients for
lIydIog,cI~ in Ml I alloys arc O1OK1CI of I ()”9 CIn2/S.

1.0 IN’I”I<O1)lJC:’I’ION”

‘1’ilc durability of l,aNi5-basc(i clcctrodcs  (iuring clcctrochcmical  cycling, is
p,cmctaliy  impmvmt by a partial substitutiol~  of 1,a or Ni with suitable solutes. Various
additives such as Nd,l “1’i,2  7x3 an(i (~c4 for i a and Co,’ N411,  A15 and Sil fbr Ni have hccn
foumi to bc successful subslilucnts  for lowering the absorption plateau pressures an(i/or
impmving the cycle life. Sakai ct al. s cvaluate(i  several sut~s[itucnk  for Ni but found tilat
the imimvcnlcl]t  in the cycic i i fc is unfortuaatcl  y accompanied by a (iccmasc  in the
Ilycirogcn  atmorption  capacity, 1011:, actiwition,  or siow kinetics. ‘1’hc use of Sn as a partial
substitucnt  for Ni in i .aNi5,  011 the otl)cr  hand, was foun(i to rc(iucc the absorption platcalu
[)rcssurc a n t i  Il]iai]niz,c  t]IC ]Iystcrcsis, wiliic retaining most of the hi~,h atxmrpt ion
capacity ofthc binary alloy.~’ I:urlhcrmore, tile Sn substitucl]t  was foun(i 10 result it] a ?.()-

fol(i increase in the cyclic Iifctimc  in thermal cycling’ a]]d a cllal-p,c-(iisclla[gc  cycle life
compa]abic  to a [l]l]lti-coIll])(lI]c[l(,  Inisch a]ctal basc{i alloy.8 Additionally, the kinetics of
ily(irogcn at>s(lrj~tioll-cicsor]  ltioll :ippcar to bc more fkilc  upoII Sa substitution, in(iicatia~:
tl]at  favorable surkcx  condiliol]s  arc prevalent on tt]csc  alloys.<) Similar bcncf;c.ial
(.ffticts were also rcalixd with (;c sul}stitucnt.  ‘(1



.

Iilcctrochcmica]  I]y(lri(lill[:-( ictly(lri(lillp,  rcac.tioll  of’ Ml 1 alloy cont:iins  a series of
steps. l:or cx.ample, tllc ClE31-gC tmnslcr rcactiol] produces wisorlxxi atomic I]ydrop,cn
(1 14,,) and 011“ on [hc clcc(rodc surface (Volmcr process). ‘1’hc a(isorbc.d hydIo[’,cm  either
diff’uses throu~h the surface Iaycr atld p,rain boundat  ics into the hulk of” the alloy 10 form
Ihc hydr ide ,  or  combines  with a(ljaccn[ adsorkd  Ilydrogcn atom [0 form molccu]ar
lIydIogcn  (’1’afcl  pmccss) and thus hydro:,cm evolu t ion . ‘1’hc pcrformanm  of”thc metal
hydrictc clcctrodc  is dctcrmincd  by the kinetics of the process occurring at the
clcctmcic/clcctroly[c  intcrfacc as well as of llydmgcI~ transporl within the bulk of the
alloy.  “Ihc charg,c  hansfcr process is h rate dctcmining  step for clcctrodcs  containing
small partic]cs,  w’l)ilc  lllcllydrop,cll  diffusion dominates for largcrpar[iclcs.1’

been ciifficult to obtain duc to complex microscopic diffusion pmccsscs in crystal
s[ructum where hydrop,cn simultaneously occupies several distinct types of interstitial
sites.12+13 l;urthcrmorc,  various physical properties of activated l.aNijllX powders oftca

impc(icd analyses and intcqm.tations of commonly employed techniques such as nuclear
[Ilagnctic rcsonancc  (NMR) and quasi clas(ic ncutro]l scattering (QNS). ]’crforming a
mitical asscssmc]lt  of NM]< aI~d QNS methods to chamtcriz.c  hydrogen diffusion in (.i-
1 taNijl Ii when x :>6, Richter ct al. 12 c.oncludcd  that the. Imp,-range diffusion coefficient at

300 K is in the ranp,c of 1 - 5 x 10”8 cn]2/s.  Z.tic.lll~cr  cl al.14 applied culrcnt pulse
clectmchcmical mcthmi OH sinp,lc  clys[al  u-l,aNi$ll,  with x < 0.07 to obtain  anisotropic

-x )

diffusion coefficient of 2. - 3 x 10 cm /s at ?98 K. Apparently, thcm is not a l:irgc
diffcrcncc in hydrop,cl~  diffusion behavior bctwccn tllcsc two phases even though  the
lly(lrogcllco]ltcl]ts  ~~:ilycollsi(lcl:it>ly.

“1’hcrchavcbecn  relatively fcwstudics12 01] thceffcct  c)fslllJstitlltic)llal  alloy ingon
l~y(lr(~gc]l  cliffusi(~tl  i]~tl]c All~l~y(l[iclcs.  (Jsi[~g  NMl<Il~ctl~o(ls,  Ilowt~l:il~  ctal.1sst~owc(i
that Al substitution greatly dccrcascd  hyctrop,cn motion in the &l,aNi~)AIYll, with an
accompanying imrcasc  in activation cncrp,y. 77tlcng cl al.lc obtained with clcctrochcmical

mctlmds a room tcmpcraturc diffusion cocflicicnt  of 3 x 10”11 cm2/sf  oran 1.aNi42jA107j

l]yciridc clcc.trodc\  \t]icll\\`  as(>clo\\tl~c  \'2ilt]c()f7  x 10’1 0 cm2/s rcporlcd  for a 1,aNi4(Uu
clcctrmtc by van Rijswick.ii M o r e  [cccnt]y,  Zhcng ct :ll.l T used a constant current

disclmr~!c tcchniquc  to derive the hy(im~,cn diffusion constant  of 7 x 10”11 cm2/s fbr a
l,aNi427Sno24 clcctrodc.  Ilisc-type clcctIodcs  Inadc with MmNi ~2AlojMol(h4  ~ (k, h4n,
l:c, Co, Ni) wcrcuscdby  Iwakura, ct al.’x to cvalualc  hydrogen diffusion coefficients ill
lhc u-I)lmc by the clcctlocllc[l]ic:il  potcmtial  step mcth(d. ‘1’hc diffusion constants
tncasurcd  at 303 K ranged bctwccn 1.6 x 10-S ctn2/s  [0 3.2 x 1($ cm2/s. It Stlould bc notccl
(trot ll~c}]yclrogc[l(  lifl’Llsio]]”  cocff-lcictlts(  lc(lllcccl  Llsi[lgclcu(rocllclllical  mctho(lson”  alloy



powdcm arc smaller by onc to (WO oKlc Is of ]na:i)itudc  than valws  obtaind  f’rotn  NM]<,
QNS, or clcctlocl)cl]”)ical  mcasui’cmcnls  on l)ulli  SaIIIj)lCS.’4 ‘x

III (his work, wc stu(lic(i  llIC tt:inspot ( kim.ticx  of hy(ltogcn in 1,aNii  ,SIIX alloys  by
cli:ct]-ocl]clllic:il  pulse lccllniquc.s, i .e.,  c.lIIOI)021111j)  cIOII]ctrj~ and clIIc)IIocoLIloIIIctIy.  Sn
s u b s t i t u t i o n  rcsulls  in impIovcxl  intcl-facial  comli(ions  fol clcctrochcmicai  hydridin~-
dchydl  iding prmzsscs  and in lower absoq)lion  pressures duc to cniarg,cd  lattice volume.
1[ is interesting to scc if these fcatu]cs, csIwially  t h e  Ialtcr, alsc) Icad to cnhanccd
trmspor(  of hydrogen withil] the bulk of tltc alloy. ‘1’hc rcsu]ts from [hcsc studies,
c.ombincd with the cxtcnsivc  clcct[ocl]c])]ic:il  find structural ct]arac[crization  alrc.acfy
pcrformd 011 l,aNi5.,SnK  alloys, will help us t)cttcr u[dcrstand the role of the ternary
solutcon  l]}~(lrogcllcliffllsi[)ll.

2.0 ltXI’1tl<l M1tN’1’Al ,

I.aNi~.XSn,,  alloys  w e r e  prcpalcd  by illd~lctioll-lllc]tillg  all(i  w e r e  subscqucntiy
amcalcd.q ‘1’hc annealed ingots  wclc sLIbjcctcd  to five hydrogen absclrl~tic)l]/t!  csorJJlic~]\
cycles to activate the alloys. Metal hydride disk clcctrocics were Jmparcd by filli[lg  the
IIAS (Ilioanalytical Systems) disk clc.c.trodcs  \vitll  mixture of Ml I powders (with 19?40 Ni
and 5 ‘/c, l)”l’l; l{), of equal quanti[ics  ill each case to ensure equal surface :irca (().(17 cm>),
density (5.6 g/cm;),  and porosity in [ill the clcctmdcs. A Ni(X)l 1 clcc.tmclc  formed the
c[)l][ltcr-clcctloclc, :ind a f lp,/1 lp,() (0.098 V vs. S1 11;) with a 1 ,ug~in capillary SC3 vcd zis lhc
rcfcrcncc clcctrodc  ill a tl~rc:c-clcc.trc~(lc,  flooded ccl] with 31 WO/O K()] 1 clcctm]ytc.

“]’hc cxJlcrimcnts illc]u(ic  constant  cumml charges  at 40 mA/cm2 (’20 mA/g) to a
c a p a c i t y  corrcspomiing  to 400 mAh/:,, ~)otcl]tio(iyllal]~ic  polarization curves fol
estimating ciiffllsioll  limiting currents, co]~stal]t-c~]rrc[]t  discharges at 64 mA/cm2 (33
mA/g) to -0.5 V \’s. llg/llgo  for calculating:,  tl]c absorbc(i  llydrogcn  conccntlatim  ill the
alloy am] cllrorloalllj>cro]llctric” an(i cl]lc)l]ocolllolllctric  transient mcasurcmmts  for
(ictcrmining  the diffusion cocfflcicnts. ‘Iilc polarization cxpcrimcnts  were car-riccl  out
w i t h  m I{G&(i ’ 2 7 3  i)otcn{iostat / (;alvanostai usil~[[  3 5 2  c.orrosioll  so ftwa]-c.
(;ilro]~c~c.o[]  lo]~~ctlicl  cs]>oIlsc\v:isl  ]l(~llil()rc(l witl}a Nicolct  storap,c oscilioscopc,  All the
tncasurcmcn(s  were madca[  ambicmt  tcmpcraturc,  which was 25[’j 20(;.

It may t>cciiffic.llit  t(~ciisti]l:,~lisl}  ti~cl~y(iriciil]g:tl](i  hy(irogca cvolutioa  pmccsscs
clcc(rc~cilclllically. 111 a JlotclltiodJl]:itl]ic”  Jx)lariz,ation, for cxamp]c, a smooth, aimost
ul]noticcab]c,  transition occurs  from tile  l]y(iii(ir  formatioa  to the hycim:,cn cvolutiol~.”
‘1’ilccol]clllrc[lt  ilyciro~cllcv<)ll]tiol]”  tilus ill(illces llllccl-l:\i!lticsi  lltllca ]l:tlysis( )fcatll(~(!ic
polariz~tlion  (iata, due 10 re(iuc.c.ci c.urrcn[ cfficicl]cy and chan~illg  sl]rf:iccco[l(iiti(~lls. I n
{Jr(icr to a l l e v i a t e  s u c h  uncm(aintics,  tllc  j)lcsctlt  stwiics ale rc.stric[c(i to IIIC ano(iic
rep, i]nc, botlI f’or [tamicnl an(i stca(iy-st:itc cxl)crimcl)(s. I]csi(ics, the slolv (iiffusillg



spccics  (i[]ril]p, disc] ~arp,c atc undoub[cdly  lIyd Ic)L:cII withitl the bulk of tlic  alloy, where as
in the c.l]alginp,  process, l~ydl-oxyl  ions i]l tllc clcclmlytc  p h a s e  could m o v e  mom
slu~gishly,  dcpc[l(iinp,  on lhc porosity and t~ltt~mity ofthc clc.cttodc.’~

3.0 Rlu’sll]  :1’s

l:igure 1 shows [k stcwiy state polarization cwrvcs of i,aNi~.XSnx alloys witil
different S1) contents (x from O to ().5) at :i s]o~v scan rate (().5 nlV/s) aJ>~)loxilll:itiIjg,
s[ca(iy  state conditions. ‘1’hc poia[iz,ation cutvcs  show stlong  interfcrmcc ofmasstransfcr
ploccsscs on ttlc charge transfer kinetics, as cvi(icnt from the mrrcnt  bcit]g invariant with
ml i[ncasc in tl]c ovcrpotmtiai.  At hig,h ovclpotcmtials,  .> 400 mV, tl]c (iischatge  reaction
is lirnitcci  by [hc RIIC of transpor[ of iIy(i IogcII within the bulk of tllc alioy.  “1’hc
c(~rlcs]}(~ll(iillg  currmt, tcrmc(i diffusio[] li]niting cmcmt and cslintatcd  f r o m  f;i.g.  1
imrcascs  upon Sn substitution al~(i cicc.rctiscs  iatcr at x ~ 0.2 (I:ig. 2). ‘1’hc low limitill[;
cut-rcat  of the binary alloy is causcxi  by the difficulty associatcci with its cllatf{ing  in a
i);irti:lll>~-sc;i]  cdcc]i.  'I`]lc]illli[illg clll`lcllts  (Ji't]lc  Sll-sll[Js[itlltcd  a[]oysal"e --~()~lllA/g  as
rcpo]-(c(i car]icr for I.aNij.

3,1.2 ]Iischargc  Characteristics

l]lorcicr too[)tai]l  tllc\`:iit]c  (lflly(irc)~,ctl  c()l]cclltratiorl  rccll]itcd fbrcalculatingthc
(iiffllsion cocfficimts  from [Ilc transient l-csponsc below, tile clcctro(ics  were ciischargcci
after a prior, comp]ctc  charge. l:ig. 3 shows [IIC dischargccurvcs  ofl,aNi~.XSn~  alioys.
‘illc cliscrcpancy  in the clcctr(}c,l]cl] lical ca]mcily  in these alloys is par[ia)]y duc to the
(ii ffcrcnccs in their absorption platcaa  ptcssmcs. g Mil alioys~~~itll  lligl]~~latca~]  pressures
(> ] at]~l.)  arc]]  otcfficicl~tly  cl~argcd  illtllc [)j~c[l cclla(ioljtc(i  fortl]c  ]}lcscl~ts tl](lics.A[.
high SH contents, on thcothcr  iw)(i, tile (iischatg,c  kinetics arc relatively slup,gish.  ‘ihc
c:ipacity  istllllsl]l:ixi]l]l]~]l with:i Snconlcnt  ofo.2-().3.

It s]loul(i bc rcalizc(i [Iuitti]c(icg[i:c  ofllyciri(iin~,  is suchhat  tl]c Ml] alloy exists
in the two phase region, i.e., in tllc  u. an(i [} fbrm. ‘i’llc measured (diffusion  coefficients
tilcrcforcr cprcscnta  wcip,lltcxi ai;cl:ip,etf:illlcof  0. an(i ~tj~llascl]y(iiiclcs.



.

‘1’he. trmsicmt methods involve the application o f  a potmtiostatic  p u l s e
(c(}l-lcs]lo]l(  li]lgtol  ]l:issl  r:tt]sfcrl -cgi]-llci  clc1ltificci  ill tllcs[ca(ly-statc  cxl~cril]lcllt)tc)  tl]c
e.lcctro~ie  and monitoring ampcmmtric  md coulomctric  responses. f;mm lhc dcpcmicmcc
of diffusion current and coulomhic  cllargc on [imc, it is possible to obtain  values for tlic
diffusion coefficients by applyinp, :ippmpliatc  diffusion equations. ‘1’hc, boull~lary
cO1l(iiliO1lsaI  l] Jlic. alJlc” tothc iwcscn[ case fbr ti]coutwwci  (ii ff~lsic)ll  ofllydrc~p,crl  within the
bulk ofthc  alloy arc i) unifbrm  il]itiai  col]ccntration,  i.e., at t ‘ O, the concentration  of
llycimgcn is the same at any ciistancc from tl~c intcrfacc, x, ii) at ( >0, the concentration at
iargcx a]~~>roacllcstilcl)llik CO1lcclllratiollali(i  iii)thc iatcrfaciai hycirogcn conccrltration
is z,cro at t > 0, tif[cr t h e  imlcnti:il  sIc]), Assuming semi-infinite linear ciiff~]sion
con(iitions,  the instantaneous currm]t in tile  (iiffllsioll-lilllitc(i regime may bc cxiNcsscci
I)y Cotlrcll’s  cc]uation”)  :1s

/,’2
tI [“A  [)1{  (’”

i- ~112 ,1/2 (1)

tvilmc.  i is the instantaneous current al time 1, 1)11 is tllc (ii ffusion coefficient of hycirogcn,
(’* is ti}c buik conccnt]~itioll  of the (ii ffusiap, spccics, A is the area of tile clcctrocie :inci 1;
i s  ti]c l:ara(iay  cons[:int. ‘1’hc conccntrtitio]] ( ‘* is obtaincct  from the clcctroctlclnical
(iischargc capacities, using Ihc gmmctl-ic voiume  of tile  clcctmic  (l;i~.  3, ‘i’at~ic  1).

]:i~. d shows the c]lrc)lloalll]Jcl  (Jrllctl”ic  CUI’VCS of I,aNi~.XSni  alloys after appiyinc a
imtcntim[:itic  pu]sc of -1400 mV vs. (XV, which  corrcspon(is to the diffl]sic)]l-co]ltrollc(i

‘Lw ‘imc. ‘1  ‘Ilc corrcspomiing  piots twtwccl} ti~c c.urrcnt and t-”~ recast f rom l;ip,.4 arc
SIIOWI1 in f;ig. 5. I:rom the siopc of these cu] vcs in l;ig. 5 aa(i bulk concentrations of
hydrogen estimated above, the diff~mim cocf!icicnts  of hydrogen in J ,aNi~.XSn,  aiioys
were. c.alc.ulatcct  (“1’able 1). “1’hc diffusioll  cocil~cicnts  thus c:i]cuiatcci  arc 6.69 x 1 0-[), 8.38

x 10”(), 7.53 x 10-(), 9.36 x 10-[) anti  2 x 10”8 CIll>/S  fbr S]] con[cnts  of 0.1, 0.2, 0.3, 0.4 and
0.5, rcspcctivcly  (I;ig. 6, “1’able 1).

3.2.2. (:lll”ollocotIlo Illcfl’J~”

f lcrc .31s0, the ciccl[odc  potclltiai  is shiftmi to a suf{icicnlly  positive value (for
oxi(iation)  10 cnforcc  (iiflllsic)ll-iill]itc{i  c.ollditions. ‘i’hc coulomctric  output  f[om t h e
I)otclltios[at”  is rccordc.d  zis a functim  o f  tilnc, “1’hc coulomctric  rcspoasr  m a y  bc
ficscribc(i by tl]c Cottrcii  equation in a]] intcp,tal  fermi’) such as



.
.

(2)

what Q is the cumu]ativc  clmr:,c passed at any instant,  t. A plot of Q vs. t“~ is I])NS
Iimar, the slope of which yields [I)c diffusion c.ocfficicmt.

(:l~rc)]]oa~l]~  ]c]()]]lctlic CUNWS  WCIC  obtaincxi  for I,aNi$.,SnX alloys at a potcntiostatie
l)lllsc cortcs~3011(li[lp,”  to an anmlic l)crturbation  of 400 mV (f;ip,. 7 ) .  ‘[’he ct}l[e.sj>(~lldi[l[:
plots between coulombic  charge a]ld [-1’2 recast from l;i~.7  arc shown in l:ig. 8. l;rom the
slope of these curves in l:ig. 8 aiA the bulk concentrations of absorbed hydrogen, the
diffusiol]  coefficients fbr hydmgcm  in I,aNi ,. XSnx alloys  wc[c calculated (’1’able 1). “1’hc
diffusion cocfficic[ltst l]L]sol>tairlc(l”  arc 3.49 x 10”’), 3.86 x lo”vand 3.77 x lo’[’cm2/s for
S11c(~l~tcl]tsof0.2,0.3  :tll(10.4,  rcsl~ccti\~cly  (l;ig.6,’l’at~lc 1).

4.() C(INC1,lJS1ONS

‘1’hc diffusion coefficients of hydrogen in l,aNiJ.XS1l,, obtained from the
ampcmnlctrie mid coulo]nctlic  outl)uts u]mn a potential pulse corresponding to the
diffllsion limiting conditions, arc in close agrccmcnt  with each other, suggesting that the
a]lalyscs  and the assumptions involved arc [casonab]c. “1’hcsc values of the ciiffusion
coefficients arc Inarginaliy  lower tl]al~  those obtained fio~l~ Nh41{ and QNS tcchniclucs,
but c lear ly  larger  than the values of 7,1M~g ct al, obtaimd from collsta[]t-cl]rlc~lt
discl~al-[:cs.

l;inally,  with incrcasinfl  Sn contcmt in 1,aNi ~.lSnX  alloy s,tllc(liffllsiol]  c) fl]y(lrogcJ]
is nc)t hin(icrccl,  whereas some slugp,islmess was observed caflicr ill the charge transfer
kinetics. ()l]tllc  otllcrl]all(l,  tllc(liffLlsi()  llofl)>~circ)p,cll  scclllstc~  t~ccnhancccl  marginally
l]l)ol] tl]csl]l)stitl] ti[)l]of St] for Ni. ‘1’his may possibly be related to the increased unit cell
volume. upon partial substitution of Ni with Sn.
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Table 1: Diffusion coefficients of LaXi$ISnx  MH alloys by chronoamperometric  and chronocoulometric  methods


